Abstract-Line-of-sight wireless communications can benefit from the simultaneous transmission of multiple independent data streams through the same medium in order to increase system capacity. A common approach is to use conventional spatial multiplexing with spatially separated transmitter/receiver antennae, for which inter-channel crosstalk is reduced by employing multiple-input-multiple-output (MIMO) signal processing at the receivers. Another fairly recent approach to transmitting multiple data streams is to use orbital-angular-momentum (OAM) multiplexing, which employs the orthogonality among OAM beams to minimize inter-channel crosstalk and enable efficient (de)multiplexing. In this paper, we explore the potential of utilizing both of these multiplexing techniques to provide system design flexibility and performance enhancement. We demonstrate a 16 Gbit/s millimeter-wave link using OAM multiplexing combined with conventional spatial multiplexing over a short link distance of 1.8 meters (shorter than Rayleigh distance). Specifically, we implement a spatial multiplexing system with a 2 × 2 antenna aperture architecture, in which each transmitter aperture contains two multiplexed 4 Gbit/s data-carrying OAM beams. A MIMO-based signal processing is used at the receiver to mitigate channel interference. Our experimental results show performance improvements for all channels after MIMO processing, with bit-error rates of each channel below the forward error correction limit of 3.8 × 10 −3 . We also simulate the capacity for both the 4 × 4 MIMO system and the 2 × 2 MIMO with Manuscript received April 18, 2016; revised September 22, 2016 and January 20, 2017; accepted February 8, 2017 OAM multiplexing. Our work indicates that OAM multiplexing and conventional spatial multiplexing can be simultaneously utilized to provide design flexibility. The combination of these two approaches can potentially enhance system capacity given a fixed aperture area of the transmitter/receiver (when the link distance is within a few Rayleigh distances).
allowing them to be efficiently (de)multiplexed and utilize the same single transmitter/receiver aperture pair with low interchannel crosstalk [16] , [21] .
OAM modes have been used to demonstrate highcapacity communications in the optical domain as well as at radio frequencies (RF) [15] , [21] [22] [23] . Recently, a 32 Gbit/s millimeter-wave (mm-wave) data link using OAM multiplexing combined with polarization multiplexing over a single aperture pair has been reported, in which all OAM beams were multiplexed together and propagated along the same spatial axis [24] . This single-aperture-pair approach employs the orthogonality of OAM beams to minimize inter-channel crosstalk and enable recovery of different data streams, thereby avoiding the use of MIMO processing [6] , [25] . This is different from conventional spatial multiplexing, for which each data-carrying beam is received by multiple spatially separated receivers and MIMO-based signal processing is critical for reducing the crosstalk among channels and thus allows data recovery [26] [27] [28] [29] . However, MIMO-based signal processing becomes more onerous for conventional spatial multiplexing systems as the number of antenna elements increases, especially at high data rates (Gbit/s) [25] , [29] . Moreover, for OAM multiplexing systems, the detection of high-order OAM modes presents a challenge for the receiver because OAM beams with larger values diverge more during propagation [15] , [20] . Therefore, the achievable number of data channels for each type of multiplexing technique might be limited, and achieving a larger number of channels by using any one approach might be significantly more difficult [8] , [24] , [25] . There might exist the possibility of partially exploiting the advantages of each multiplexing technique and simultaneously utilizing both techniques to increase system performance [30] [31] [32] [33] . If each antenna aperture in a conventional spatial multiplexing system can transmit multiple independent information-carrying OAM beams, the total number of channels accommodated could be increased, thereby increasing system transmission capacity; hence we investigate in the following a combination of OAM multiplexing and conventional spatial multiplexing.
In this paper, we experimentally demonstrate a 16-Gbit/s mm-wave communication link using OAM multiplexing combined with conventional spatial multiplexing. A spatial multiplexing system with a 2 antenna aperture architecture, each transmitter aperture containing multiplexed OAM beams with = +1 and +3, is implemented. Each of the four OAM channels carries a 1-Gbaud 16 quadrature amplitude modulation (16-QAM) signal at a carrier frequency of 28 GHz, thereby achieving a capacity of 16 Gbit/s (1 Gbaud × 4 bit per symbol × 4 OAM channels) [30] . After propagating through 1.8 meters, the OAM beams from one transmitter aperture spatially overlap those from the other apertures at the receiver aperture planes, resulting in crosstalk among noncoaxial OAM channels. A 4 × 4 MIMO signal processing is used to mitigate the channel interference. After MIMO signal processing, the performance of each channel improves, with uncoded bit-error rates below 3.8×10 −3 (i.e., the forward error correction limit for a popular Reed-Solomon code). We also simulate and compare the capacity for both 4 × 4 MIMO system and 2 × 2 MIMO with OAM multiplexing. Our results indicate that with a fixed spatial dimension (i.e., area) of the transmitter/receiver, OAM multiplexing and conventional spatial multiplexing could be simultaneously utilized to distribute the spatial degrees of freedom of an LOS system, thereby providing system design flexibility and potentially enhancing system capacity.
II. SYSTEM CONCEPT The concept of a high-capacity LOS wireless link using OAM multiplexing combined with MIMO-based spatial multiplexing architecture is depicted in Figure 1 . This system might be suitable for application scenarios which involve short-range (within a few Rayleigh distance) and high-speed wireless information transmission. The system consists of N transmitter/receiver aperture pairs that are arranged in a uniform linear structure. Each of the transmitter apertures T i (i = 1, 2, ..., N) transmits M multiplexed OAM beams, resulting in a total number of N M OAM data channels. The N receiver apertures R i (i = 1, 2, ..., N) are used to capture the fields transmitted from the N transmitter apertures. Because of divergence along the propagation distance, the OAM beams from each transmitter aperture may spatially overlap at the receiver. The received signal vector at receiver aperture R i ,
T can be expressed as
where
is the received signal of the m-th OAM channel in the i -th receiver aperture,
T is the transmitted signal vector for M OAM channels from transmitter aperture T j , h i, j is an M × M matrix depicting the transfer function between OAM channels from aperture T j to R i (note that h i, j is not an element of the M × M matrix), and n i is the noise vector for R i . We note that if there is no misalignment between coaxial transmitter/receiver apertures, each h i,i is a diagonal matrix resulting from the orthogonality between M transmitted coaxial OAM modes and its diagonal entries are not necessarily similar due to different diffraction among OAM channels (especially when the coaxial OAM beams are partially captured); OAM systems require more precise link alignment compared to conventional MIMO systems. Therefore, the channel transfer matrix between N M OAM channels H can be written as
from which the total crosstalk of each OAM channel can be estimated. H is determined by the overlaps between OAM beams from different transmitter apertures, which are directly related to the propagation distance, antenna design and transmitter/receiver aperture spacing.
III. EXPERIMENTAL DEMONSTRATION

A. Experimental Setup
We demonstrate below a proof-of-concept experiment using a 2 × 2 aperture architecture, each transmitter aperture containing two multiplexed mm-wave OAM beams at a carrier frequency of 28 GHz (N = M = 2). Figures 2 and 3 show the schematic of the experimental setup and the setup photos.
At the transmitter, a 28 GHz continuous-wave (CW) signal is first amplified and then split into two paths, which serve as local oscillator signals for the two I/Q mixers. Two arbitrary waveform generators (Tektronix AWG 7102 and AWG 70002A) are used to generate two independent pairs of I and Q waveforms of 1-Gbaud four-level amplitude-modulation signals and are connected to the intermediate frequency ports of the two I/Q mixers, creating two independent 1-Gbaud 16-QAM data streams at a carrier frequency of 28 GHz. No pulse shaping or pre-filtering technique is used and the bandwidth of the signals is about 1 GHz. Each of the two 16-QAM data streams is amplified and split into two paths, one of which is delayed, relative to the other one, by 8.3 ns (2.5 meters in length, corresponding to 8.3 symbol periods for a 1-Gbaud 16-QAM signal). The two 16-QAM signals are fed to two collimated lensed horn antennae with diameters of 15 cm. Due to time delays, the four 16-QAM data streams are mutually decorrelated and can be considered four independent channels. We believe this will not affect the power transfer and crosstalk among channels. The amplitude of each generated I/Q waveform is adjusted to equalize the transmitted signal power for all four channels. The output of each antenna is converted to an OAM beam (either = +1 or = +3) by passing through a spiral phase plate (SPP) with a specific value [34] , [35] . The SPPs that are used to generate the OAM beams are manufactured through the computer numerical control milling of a solid block of high-density polyethylene, which has a refractive index of 1.52 at 28 GHz. The SPPs have circular apertures with diameter of 30 cm. The size of the SPP is larger than that of the lensed-horn antenna in order to limit possible effects that may arise from a truncated aperture.
The two generated OAM beams = +1 and = +3 in each transmitter aperture are spatially combined by a mmwave beam splitter placed after the SPP with a 45 degree angle. This beam splitter is similar in form to the polkadot beam splitter used in the optical regime and is fabricated by patterning a standard printed circuit board (PCB) with a designed structure [24] . In our experiment, two lensed horn antennas along with two SPPs and a mm-wave beam splitter are grouped together to implement a transmitter aperture T 1 or T 2 , as depicted in Figure 2 . The left and right sides of the beam splitter plane shown in Figure 3a can be considered the T 1 and T 2 planes respectively. Ideally, it would be desirable to have an integrated device that can simultaneously generate and multiplex multiple independent OAM beams [36] [37] [38] . The resulting multiplexed OAM beams from T 1 and T 2 , which are separated by 32 cm, are respectively transmitted towards the receiver apertures R 1 and R 2 located at a distance of 1.8 meters. The distances between antennas, SPPs, and beam splitters at the transmitter and receiver are provided in Figure 3c . We note that the distances between these elements are not perfectly symmetric in our experiment. Figure 4 shows the measured normalized intensity of the generated OAM beams, and their normalized spatial coherent superpositions. Each intensity profile is normalized with respect to its maximal measured intensity. These intensity profiles are captured via a probe antenna with a small aperture diameter of 0.7 cm, whose output is recorded by an RF spectrum analyzer. The probe antenna is attached to a two-dimensional (X-Y) linear translation stage with a scanning resolution of 1 cm and a transverse coverage area of 60 × 60 cm 2 (each measured intensity profile consists of 3721 (61×61) scanning points). The ring-shaped intensity profile of the generated mm-wave OAM beams measured at 0.15-meter plane from T 1 and T 2 apertures, depicted in Figure 4a , shows that the OAM beam = +3 has a larger beam diameter than OAM beam = +1. The order of the OAM beams ( = +1 and = +3) can be deduced from the number of rotating arms in Figure 4b , which shows the measured intensity distribution of coherent superposition of OAM beams = +1 and = +3 at T 1 or T 2 planes. Also, the coherent superpositions of all four OAM beams measured at 0.5-meter or 1-meter plane from the transmitter, as shown in Figure 4c , illustrate that the overlaps between OAM beams from apertures T 1 and T 2 increase with the transmission distance. These measured OAM beams superpositions are corroborated by the corresponding simulation results. Similar to the transmitter architecture, a pair of lensed horn antennas along with SPPs, and a mm-wave beam splitter are grouped together to implement the receiver aperture R 1 or R 2 . The receiver antennas of R 2 are placed about 20 cm away from the receiver SPPs. We note that due to the lab space limitation, this distance is shorter than that of R 1 . Each of the SPPs in the receiver apertures has a conjugate phase relationship with that of the corresponding SPP in the transmitter apertures, allowing the OAM beam to be converted back to a planar-phased beam. This beam has a bright high-intensity spot at the centre, which is separable from the other coaxial OAM beam with a ring-shape intensity profile through spatial filtering. This beam can be efficiently collected by a lensed horn antenna that is matched to the Gaussian beams ( = 0). For example, in order to obtain the data stream carried on OAM = +1 from T 1 , an inverse SPP with the opposite thickness profile ( = −1) is employed. Consequently, the helical phase of the = +1 OAM beam is removed, and the other coaxial OAM beam = +3, while also transformed by the SPP ( = +3 → = +2), maintains its ring-shaped profile and helical phase; therefore, negligible signal can be coupled into the Gaussian-matched antenna due to the mode mismatch. However, due to the divergence of the transmitted OAM beams and 32-cm separation between the two apertures, the non-coaxial OAM beams spatially overlap at the receiver aperture planes. Therefore, part of the non-axial OAM beams from the neighboring transmitter aperture would also be coupled into the receiver antenna, resulting in channel crosstalk.
We measure the link loss between the two coaxial transmitter and receiver antennas. The generated signal power of 18 dBm is fed into the lensed-horn transmitter antenna. The baseline power loss of the link between the two antennas, excluding the SPPs, is 22 dB. This power loss increases to 47 dB once the SPPs and two beam splitters are inserted for OAM generation, multiplexing and detection. The signal power for each receiver antenna is about -30 dBm, which is then amplifier and sent for heterodyne detection.
B. Crosstalk Mesurements
We characterize the power transfer and crosstalk between all OAM channels. To simplify these measurements, we measure the power leakage at 28 GHz for each channel by transmitting a 28 GHz CW signal rather than 1-Gbaud 16-QAM modulated signals. This is an approximation, since our RF-modulated signal spectrally lies within 28 ± 1 GHz and our SPPs and beam splitters are frequency-dependent. The power leakage is measured in the following way: We first transmit a 28 GHz CW signal over OAM = +1 in T 1 while all the other channels (OAM = +3 in T 1 , and OAM = +1 and = +3 in T 2 ) are off. Then we record the received power for each received antenna (OAM = +1 and = +3 for both R 1 and R 2 ) using an RF spectrum analyzer. The above measurements are repeated for all transmitted OAM channels until a full 4 × 4 power transfer matrix is obtained, as shown in Table 1 . We note that the power transfer matrix can be directly calculated from a known channel matrix H. We see that the power leakages of channel = +3 to the two noncoaxial channels are larger than those of channel = +1, since OAM beam = +3 diverges faster, resulting in a larger overlapping area at the receiver plane. In addition, there exists a small amount of power leakage between the coaxial channels = +1 and = +3, due to the imperfections of OAM generation, multiplexing, and setup misalignment. In an ideal case, the two coaxial channels should be perfectly isolated by the orthogonality of coaxial propagating OAM beams. The total crosstalk of a specific channel can be calculated from the power transfer matrix by adding the received power from all other channels divided by the received power of this channel. Since the transmitted signal is wideband, the actual crosstalk values are expected to be slightly larger than the measured values shown in Table 1 . We observe that the crosstalk between coaxial OAM channels are all below -18 dB and major power transfers occur between non-coaxial channels. The total crosstalk values for channels = +1 and = +3 of R 1 and R 2 are −15.7 dB, −8.8 dB, −14.8 dB, −11.1 dB, respectively. We see that = +3 experiences larger crosstalk than = +1 for both the receiver apertures, which is determined by the overlapping between all OAM beams at the receiver plane in a particular system. We note that due to asymmetric system alignment, channel = +3 of R 1 has a relatively larger crosstalk value. Also, the crosstalk values of = +1 and = +3 in the two receiver apertures are slightly different. However, in principle, the crosstalk of channels with the same OAM order in different receiver apertures should be identical, if the transmitter/receiver aperture pairs are built symmetrically.
C. Multiple-Input Multiple-Output Based Signal Processing Algorithm
MIMO post-processing has long been used in conventional spatial multiplexing (for a non-diagonal channel matrix H) to reduce channel interference and thus recover the transmitted data streams. A variety of implementation approaches for MIMO processing have been proposed [5] , [8] , [25] , [29] , [39] , including joint maximum likelihood sequence estimation of the data symbols in different streams, minimum mean-square error detection combined with serial interference cancellation across the antennas (also known as BLAST) and zero forcing detection.
In our experiment, we use multi-modulus algorithm (MMA)-based equalization [40] , [41] for MIMO processing. 4 × 4 MMA-MIMO digital signal processing (DSP) [42] is implemented to reduce the interference among channels and recover the four data streams. To simultaneously detect all four channels, the signal received from each receiver antenna is amplified and down-converted to a 4 GHz carrier frequency by mixing with a 24 GHz CW signal. Note that we use heterodyne detection for all four channels due to receiver hardware limitations. To vary the signal-to-noise ratio (SNR) for each channel, a variable attenuator is inserted after each of the four mixers. The four signals after down-conversion are sampled by a four-channel 80 GSample/s real-time scope with a bandwidth of 16 GHz on each channel and recorded for offline DSP. A total of 1 × 10 6 points for each channel are recorded in real time, which corresponds to 4 × 10 5 bits for the 1-Gbaud 16-QAM signal at 4 GHz. The procedures of the DSP are depicted in Figure 6a . Each of four sequences (from OAM channel = +1 and = +3 of R 1 and R 2 ) is converted to the frequency domain and then band-pass filtered, followed by a 4-GHz frequency shift to baseband. The signals are then converted back to time domain and down-sampled to 2 samples per symbol. The MIMO adaptive equalization algorithm utilizes a linear equalizer for each channel [40] [41] [42] . For a 4 × 4 MIMO equalization, the equalizer includes 16 adaptive finite-impulse-response (FIR) filters, each with a tap number of K . We emphasize that the FIR filters can help cancel the temporal misalignment between the four received signals and temporal inter-symbol interference (ISI) of each channel induced by non-ideal filtering and sampling. The output of the equalizer corresponding to each channel Y j can be expressed as:
where w ij (i = 1, 2, 3, 4) is the coefficient vector of the FIR filter with a vector length of K (tap number), X i is the input signal vector of the i -th channel, and w ij * X i represents the inner product operation between two vectors. All the FIR coefficients are initialized as zero with only the centre weight being 1, and then updated until the coefficients converge based on MMA [40] , [41] :
where u is the step size, e i = P re f − |Y i | 2 is the error signal of the adaptive estimation, and P re f is the normalized reference power of the 16-QAM signal. The main idea of MMA-MIMO algorithm is to update filter weights such that each channel output can have clear discrete amplitudes [43] . For the 16-QAM modulation format used here, signals with 3 clear discrete amplitudes are preferred as the output. The tap number K in each FIR filter is set to be 17, which is enough to cover the differential time delays among each data sequence and mitigate temporal ISI effects. Figure 5b shows the converged tap weights of the 16 FIR filters after 10,000 iterations. As an example, Figure 5b1 illustrates the tap weights of four FIR filters (w 11 , w 21 , w 31 , and w 41 ) that are used to generate the equalized output for channel = +1 of R 1 . We see that for the equalization of a specific channel, the tap weights of the FIR filters corresponding to its coaxial OAM channel are low (less than 0.1, generally), due to the negligible interference between them. The obtained FIR filter coefficients are used to estimate the channel transfer matrix and equalize the crosstalk among four OAM channels based on Equation 3. After equalization, the frequency offset estimation and the carrier phase recovery are applied to recover signal constellations, and the bit-error rates (BERs) are evaluated for all channels. In the case where the coaxial OAM beams are fully collected by their corresponding receiver antennas (e.g., with a large-sized receiver antenna or at a link distance less than a few Rayleigh distances), the channel matrix H generally has N diagonal M × M sub-matrices along its main diagonal line due to the orthogonality between the coaxial OAM beams. As a result, a smaller number of other channels needs to be considered when equalizing a specific channel in MIMO processing, indicating a lower computation complexity. For the FIR-MMA equalization approach used in our experiment, the post-processing complexity for an
Compared to a regular H with its processing complexity proportional to N M × N M × K , the complexity is reduced by half when N = 2 and the advantage in implementation complexity becomes negligible when N 2. We note that this advantage could be more pronounced if using analog pre-or post processing provided by the antennas (e.g., introducing a "preprocessing" matrix at the transmitter) [29] . Figure 6a shows the BER measurements of 1-Gbaud 16-QAM signals for channels = +1 and = +3 when only one transmitter/receiver aperture pair is on. In this case, there is no mutual crosstalk from channels of the other transmitter/receiver pair. The theoretical BER curve of a 16-QAM signal is also plotted as a benchmark. The 16-QAM constellations and error vector magnitudes (EVMs) [44] of the received 1-Gbaud 16-QAM signals with a certain signal-tonoise ratio (SNR) for channel = +1 in R 1 (SNR = 28.7 dB) and R 2 (SNR = 31.3 dB) are also presented. It is clear that without interference from other apertures, each channel can achieve a raw BER of 3.8×10 −3 , which is a level that allows to achieve extremely low block error rates through the application of efficient forward error correction (FEC) codes (for notation convenience henceforth called FEC limit) [45] . We observe that channel = +1 in R 2 with a higher crosstalk from its coaxial channel = +3 has a lower power penalty than that in R 1 .
D. BER Measurements
We measure the BERs for all four channels when both T 1 and T 2 are turned on. Here all OAM channels experience crosstalk from both their coaxial and non-coaxial channels. Figure 6b shows the measured BERs of all 4 OAM channels without MIMO processing. We see that the BER curves for all four channels exhibit the error-floor phenomenon due to strong crosstalk from other channels. Figure 6c depicts the BER curves for all four channels under the same conditions using MIMO equalization processing. We observe that the BERs decrease and can reach below the FEC limit for all four channels after MIMO processing. We believe that the SNR penalties (more than 3 dB for all four channels) compared to the theoretical 16-QAM curve at the FEC limit are due to imperfect heterodyne detection and signal generation. The received constellations of 1-Gbaud 16-QAM signal for OAM channels = +1 in both R 1 and R 2 are also shown in Figure 7 to further illustrate this improvement. The SNR and the EVM for each constellation are also given. We see that the constellations of channels = +1 in R 2 exhibits the best quality after MIMO processing, which is in agreement with the BERs shown in Figure 6c . We note that the transmission distance in our experiment is 1.8 meters and expanding the link distance depends on several factors, including the receiver aperture size and the OAM beam divergence. For increased distances, less power will be received by a fixed receiver aperture due to the divergence of the OAM beam, resulting in a decreased system capacity.
IV. SIMULATION ANALYSIS AND DISCUSSION
From a theoretical perspective, OAM multiplexing can be considered as another form of spatial multiplex- Fig. 7 . The received 1-Gbaud 16-QAM signal constellations for all four OAM channels ( = +1 and = +3 in both R 1 and R 2 ) at one acquisition by the real-time scope (a) without MIMO processing and (b) with MIMO processing. The SNR and EVM for each constellation are also given.
ing [15] , [36] , [46] [47] [48] . Conventional spatial multiplexing employs multiple spatially separated transmitter and receiver aperture pairs for the transmission of multiple data streams that are recovered through the use of MIMO processing. Alternatively, OAM-based spatial multiplexing transmits multiplexed OAM beams through a single aperture pair, employing OAM beam orthogonality to minimize inter-channel crosstalk and achieve efficient demultiplexing, thus reducing the need for further MIMO processing to mitigate channel interference. Although both approaches have different implementations, they both utilize spatial degrees of freedom for data transmission. A fixed area or spatial dimension that is available for placing transmitter or receiver apertures provides certain spatial degrees of freedom for both multiplexing techniques [49] [50] [51] .
A. Simulation Analysis
We simulate and compare the capacity of the OAM multiplexing combined with MIMO-based spatial multiplexing (called OAM+MIMO thereafter) and a pure MIMO system in a fixed transmitter/receiver area. We assume that (i) the transmitter and receiver have the same aperture arrangement, (ii) the transmitter or receiver apertures are placed adjacent to each other (the spacing between adjacent apertures equals the aperture size), (iii) the transmitter or receiver apertures are linearly placed in a transverse rectangular area of 1800 cm 2 , which is the transverse area occupied by the two transmitter apertures in our experiment, and (iv) each transmitter aperture transmits either a fundamental Gaussian beam for the pure MIMO case or multiple OAM beams for the OAM+MIMO case, with the diameter of each beam being the aperture size (all the OAM beams in the OAM+MIMO case have the same transmitted beam size). Given above, the number of apertures N and aperture size D in the transmitter or receiver should satisfy N × D 2 = 1800 cm 2 , as illustrated in Figure 8a .
In general, an information-theoretic limit to the capacity of an LOS MIMO system, measured in bit/s/Hz, is given by [29] 
where λ i are the squares of the singular values of the MIMO channel matrix H , or equivalently the eigenvalues of H + H , representing the gain of the corresponding sub-channel, γ is the rank of H , P i is the power transmitted in the i -th singular vector or sub-channel, of the channel matrix, and σ 2 is the noise variance in each receiver element. As we can see from Equation 5 , given a fixed receiver noise variance σ 2 and a fixed total transmission power P = γ i=1 P i , the capacity is determined by the number of independent and available spatially multiplexed sub-channels γ and by the gains of the sub-channels λ i . Note that the total available power P is distributed to the available channels by the water-filling algorithm. The capacity of the OAM+MIMO system can be obtained by replacing the MIMO channel matrix H with H shown in Equation 2 when calculating the singular values of the channel matrix. We simulate beam propagation and coherent detection to determine the channel matrices for both pure MIMO and OAM+MIMO systems under different link parameters. We then calculate the capacity from the simulated channel matrices using Equation 5 by performing singular value decomposition and water-filling algorithm. We mainly simulate the systems that employ a total number of four beams (N ×M = 4) for transmission to include the system parameters of our experiment and to provide a fair comparison. Figure 8b shows the system configurations under consideration, including (b1) a 4 × 4 pure MIMO system (N = 4, M = 1), (b2) a pure OAM multiplexed system containing four OAM modes (N = 1, M = 4), and (b3) 2 × 2 MIMO+OAM systems in which each aperture contains two multiplexed OAM beams with different orders (N = 2, M = 2). For this case, we consider two order combinations: (1) each of the two OAM modes can be any , including = 0; (2) the two OAM modes are = +1 and = +3, as used in the experiment. The simulated capacity for those systems as a function of relative link distance L/λ is presented in Figure 8c . We assume all the systems have the same total transmit SNR of 20 dB (i.e., the total transmit power keeps the same for all cases). In order to provide benchmarks, we also include the following two cases into our simulation: a pure 2 × 2 MIMO system and a 2 × 2 MIMO+OAM system without any limit on the number of transmitted OAM beams. For the latter case, each of the two apertures contains a large number of OAM modes such that transmitting more OAM modes in the aperture does not further increase the capacity. Such a case can provide the maximally achievable capacity of a 2 × 2 OAM+MIMO system.
We can see that when only four beams are transmitted in a total transverse aperture area of 1800 cm 2 , the 4 × 4 MIMO system can achieve higher capacity than the 2 × 2 OAM+MIMO system with M = 2 at any link distances. However, this does not hold when we consider the maximally achievable capacity of a 2 × 2 OAM+MIMO system, in which M is not fixed and depends on the specific link distance L. One can see that the 4 × 4 MIMO system can be potentially outperformed by such a 2 × 2 OAM+MIMO system at a link distance of less than about 1000λ. At longer link distances, transmitting more OAM modes (i.e., higherorder OAM beams) in each aperture would not improve the capacity due to more divergence of higher-order OAM beams. In order to find the optimal choice of the combination N × M for a given total output power, a further investigation would be necessary.
B. Discussion
In our multiplexing system with N transmitter/receiver aperture pairs, in which each transmitter aperture contains M multiplexed OAM channels, a total number of N M data channels can be potentially transmitted. However, to implement a conventional spatial multiplexing system that accommodates the same number of channels, N M transmitter/receiver aperture pairs and N M × N M MIMO processing for crosstalk mitigation would be required. Moreover, although the dimensions of MIMO processing are the same, the MIMO processing of the proposed scheme potentially has a lower computation complexity than conventional N M × N M spatial multiplexing, given that its channel matrix ideally contains N diagonal M × M sub-matrices. On the other hand, to implement a pure OAM multiplexing system, different N M OAM beams are needed to achieve N M independent data streams. Since the OAM beam diverges approximately as the square root of | | and beams with larger diverge more, a larger number of OAM beams used for multiplexing may result in larger beam sizes at the receiver such that the recovered power decreases and the BER increases, ultimately limiting system performance.
The simultaneous utilization of both multiplexing techniques explored in this work does not mean that the full benefits of OAM and conventional spatial multiplexing can be reaped at the same time, but rather that the available spatial degrees of freedom might potentially be flexibly distributed between these two multiplexing techniques. For example, if a given area is divided into a larger number of sub-apertures, more spatial data streams from sub-apertures could be available but clearly each aperture would support fewer OAM channels. Specifically, a fixed area would limit the number of accommodated apertures and the size of each aperture (i.e, N × M is limited by the area) [51] , [52] . Moreover, a smaller sized aperture pair implies a more limited Fresnel number of the link, imposes constraints on the spatial bandwidth for multiplexing OAM modes, and indicates that fewer OAM channels can be transmitted [53] , [54] . Therefore, we believe there exist system design trade-offs when utilizing both techniques, especially as it pertains to approaching the theoretical spatial dimension limit and thus transmission capacity.
This trade-off depends on many factors, including the spatial shape of the area, the link distance and channel quality (i.e., signal SNR). For a given area, maximizing the accommodated data channels and system capacity with a particular implementation using the two multiplexing techniques represents an important question. OAM allows the easy implementation of analogue separation of modes, which can be important particularly at extremely high data rates, and spatial multiplexing provides greater flexibility for filling irregularly shaped areas or apertures, including non-contiguous apertures. Thus, for a particular area, the division of spatial aperture and the use of OAM multiplexing in each or some of the divided apertures may allow more flexibility to fit with the available area shape and processing capabilities. 
